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1 INTRODUCTION 
The choice of materials and construction conditions 
is an important aspect for the safety of embankment 
dams. Often the local available soils have to be used 
for the construction of embankments. These are of-
ten non-cohesive sediments and widely graded soils 
with different amounts of fine fractions. Due to their 
widely graded characteristic, these soils are prone to 
suffusion. The transport of fine particles is a com-
plex and iterative process, which is directly connect-
ed with the mobility of a single particle and the pore 
paths of the soil skeleton. Therefore the identifica-
tion of the mobile fine particles has an important in-
fluence on the assessment of soils stability. 
Finer soil particles, which are smaller than the 
minimum diameter of a pore path, can be washed 
out of the soil skeleton by seepage forces. Soils 
prone to suffusion are described as internally unsta-
ble (Kenny & Lau 1986). The challenge in assessing 
the internally unstable soils to estimate the soil 
structure or the effective size of mobile particles 
(Sadaghiani & Witt 2011). According to recent stud-
ies the soil can be considered as a bimodal structure, 
consisting of soil skeleton and fill (Witt, 2013). The 
coarser particles are assumed to have a fixed posi-
tion and form the skeleton. Soil transmits the stress-
es through its skeleton. Potentially mobile particles 
are embedded into the pores of the soil skeleton 
(Kézdi, 1979; Kenny &Lau, 1986; Burenkova, 1993, 
Wan & Fell, 2008; Witt, 2013). 
For assessment of the internal stability of a parti-
cle size distribution (PSD), it is not only important 
to characterize the soil as internally stable or unsta-
ble, but also to evaluate the amount of potentially 
erodible particles. For quantification of those erodi-
ble particles, the potentially mobile and the skeleton-
forming particles must be identified. Theoretically, 
the fractions which belong to the fill can be in-
creased till the pore space is totally filled. From that 
point, by further increase of the fine fraction, they 
will behave more and more as skeleton. For the 
structure analysis of the PSD, it is important to iden-
tify the amount of the added fractions, which can 
shift the separation point to smaller diameters. 
The aim of this paper is to identify the structure 
(matrix) of a granular packing, based of experi-
mental investigations. Furthermore, the structural 
change by different amounts of fine fractions was 
investigated. 
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ABSTRACT: To estimate the vulnerability of widely graded soils to internal erosion, the soil structure has to 
be analysed. Based on the theory of the bimodal fabric, each particle size distribution (PSD) has a unique di-
ameter that divides the PSD into particles of the soil skeleton and finer mobile particles. The particle diame-
ter, which divides the PSD into these two fractions, is defined as the separation point (dT) and part of the soil 
skeleton. In this study the Sequential Fill Test (SFT) is used to identify the mobility of particle fractions and 
the soil matrix. 
This study is an extension of a series of descriptions of this particular test method. The paper is focused on a 
widely graded PSD, which is prone to internal erosion. This study demonstrates the change of the soil matrix 
by variation of the amount of the fine particles. The soil matrix of the investigated PSD does not change until 
the pore volume is completely filled with mobile particles. If the mobile particles filled completely the pore 
volume of the coarse soil skeleton, they become also part of the soil skeleton. This matrix is called dual ma-
trix. With further increase of the amount of fine particles, the coarse skeleton is replaced by a new skeleton, 
where all particles belong to the soil skeleton. 
For the assessment of a selected PSD, which is prone to internal erosion, it is important to identify the amount 
of fine fractions, which can stabilize an internally instable dominant fine matrix (i.e. building a dual matrix). 
2 THEORY OF GRANULAR PACKING 
For the classification of granular packings a theoret-
ical model was developed (see Figure 1). The model 
describes characteristic packings and there changes 
of structure during a successive addition of fine par-
ticles. Here, the packing is observed from the meso-
level. All particles are idealized as spheres. A ho-
mogeneous distribution of the particles and the 
densest possible packing is assumed 
A highly poly-disperse packing is formed in this 
model by two different particle clusters. The parti-
cles of the skeleton, which transfer the stress of a 
mechanical loads, and the mobile particles which are 
loosely embedded in the pore space of the static 
skeleton. The loose or mobile particles can be 
washed-out or filter along the pore paths which are 
formed by the structure of the packing. Depending 
on the particle size distribution different granular 
structures (matrix) are formed. This structures need 
to be identified and characterised. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Categories of structure for granular packings. 
 
The theoretical model of packings consists of five 
basic matrix types. Starting from a coarse matrix in 
which all particles form the skeleton, fine particle 
have gradually increased. By increasing the percent-
age of fine particles the structure changes into a 
dominant coarse matrix. In this structure the skele-
ton is mostly formed by the coarse fractions. It 
should be noted that a small percentage of fine parti-
cles also belongs to the skeleton. 
The fine fractions embedded in the pore spaces, 
do not transmit stress and therefore are mobile. A 
transport of this fine particles due to a hydraulic load 
is possible. If the fine particles further increased, the 
pore space is filled with more mobile particles. Once 
the pore space has reached a 100% filling with fine 
particles, the structure shifts to a dual matrix. The fi-
ne fractions form a secondary fine skeleton in the 
pore space. In this stage fine and coarse particles 
transmit stresses. Furthermore the fill effect causes a 
refinement of the pore paths. An example for such a 
case is the Fuller curve (Fuller-Thompson. 1907). 
With a further increase of the fine fractions, the 
coarse skeleton dissolves. The coarse fractions are 
now embedded in the fine particles and all particles 
are forming the skeleton. This matrix is defined as 
dominant fine matrix. By an amount of 100% fine 
particles in the packing only the fine particles form 
the skeleton. Neglecting the scale, the fine matrix 
has the same characteristics as the coarse matrix. 
3 METHODS OF IDENTIFICATION 
Based on the presented theoretical matrix types sev-
eral experimental methods of identification have 
been developed and at the Bauhaus-Universität 
Weimar. With these laboratory tests the presented 
matrix types and the kinematic of the mobile parti-
cles can be identified and analysed. In this paper the 
Sequential Fill Test (SFT) is used to identify the ma-
trix type. 
3.1 Sequential Fill Test 
Burenkova (1993) has developed a test procedure, in 
which the soil was sieved and divided into its frac-
tions. First, the coarsest fraction (dmax) was built into 
a test cylinder. After that, the next finer fraction was 
added and the new PSD built again into the test cyl-
inder (Figure 2). In each step the volume of the soil  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. A view of the Sequential Fill Test (SFT) and the 
measurement procedure. (Salehi Sadaghiani et al. 2012) 
was measured. The test is finished when all fractions 
are added into the test cylinder. If the volume of the 
soil in each step is increased, the fractions are con-
sidered to belong to the soil skeleton. There is no 
published image or illustration of the Burenkova’s 
test device (Burenkova 1993). 
Binner et al. (2010) has shown for the first time a 
simple apparatus, in which the SFT was accom-
plished. The apparatus was designed by the Federal 
Institute for Materials Research and Testing (BAM) 
for identification of granular soil structures. The 
same apparatus was adapted and used for measure-
ments at Bauhaus-Universität Weimar. A schematic 
diagram of the apparatus for the tests is given in 
Figure 2. The measurement values are the volume 
and the porosity of the packing. 
The aim of this experiment is to determine the 
particle size fractions which forms the  skeleton in a 
soil. The experiments were performed with assump-
tion that the particle fractions, which do not belong 
to the skeleton, will not change the height of soil 
column (see Eq.1, Eq.2). 
This fractions are equal to the mobile fine fill par-
ticles in section 2. It is useful to describe the test re-
sults as a relative height in percent. If the height of 
sample consisted of certain number of fractions is hi, 
and the biggest height of the sample which is built in 
the test device hmax, the relative height hr in percent 
is defined by the formula: 
 
 hr = hi / hmax             (Eq.1) 
 
 hi = hmax   → dT          (Eq.2) 
 
The diameter which divides the PSD into the 
skeleton and the loose fill fractions is defined as the 
separation diameter (dT) and belongs to the skeleton 
of the soil. Depending on the separation diameter the 
mobility of every fraction can be classified.  
It should be noted here, that the SFT gives only a 
classification of the mobility for the whole fraction. 
It is not possible to characterise the mobility for a 
single particle. However this only applies to the mo-
bile fine particles and a very small percentage of the 
fraction of the separation diameter. For example in a 
granular packing with a high percentage of fine frac-
tions, it is not clear which particles belong to the 
skeleton or mobile particles. This is caused by the 
high number of fine particles, which increases the 
number of stable combinations of particles. This has 
minor effect on the results, because the assessment 
of the mobility is always performed for an entire 
fraction. 
The classification of a fraction can be defined in 
dependency of the separation diameter as follows: 
 
di ≥dT → fractions belongs to the skeleton 
di <dT → fraction belongs to the mobile particles 
3.2 Materials 
The investigated PSD presents a non-cohesive, 
widely graded soil (see Figure 3). This Soil is con-
sidered as prone to suffusion, e.g. after Wan & Fell 
(2008) and Witt (2013). The soil is typical for sedi-
ments in the medium course of a large river. The 
original material was taken from a fluviatile soil of 
the Upper-Rhine river area. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CDF-O. : Cumulative Distribution Function-Original~PSD 
PDF-O. : Probability Distribution Function-Original 
 
Figure 3. Investigated particle size distribution. 
 
This PSD is used for the experimental identifica-
tion of the dominant fabric. Therefore it was approx-
imated with 11 Fractions. The soils particles have 
been replaced with glass beads for all tests. They of-
fer the advantage of less variation in shape and sur-
face friction. Moreover, it has been proved that with 
glass beads detecting anomalies in the experiments 
is easier than working with soil (Salehi Sadaghiani 
et al. 2012). The particles of each fractions from 1 to 
9 have a constant diameter. Fraction 10 (0.75 – 0.5 
mm) and 11 (0.25 – 0.2 mm) have uniform distribu-
tion, which is shown in the Figure 3 with an average 
diameter value. 
3.3 Experimental Testing Strategy 
According to the defined objectives set in section 1, 
the skeleton-forming and the mobile particles were 
determined by using the described method of identi-
fication (SFT). Based on the results the matrix is de-
rived. Afterwards the change in the matrix type (sec-
tion 2) is simulated by varying the mobile fine 
particles. Based on the theoretical model of granular 
packings, the dual matrix can be identified by meas-
uring the porosity. With an increase of the fine parti-
cles the pore space has been filled completely with 
fine particles (dual matrix, Figure 1) and the porosity 
reaches a minimum. 
4 EXPERIMENTS 
4.1 SFT - Original Soil 
For predicting the dominant matrix in the soil struc-
ture of the chosen PSD the proposed methods were 
applied. Figure 4 shows the results of the SFT for 
the original PSD, in which the separation point of 
dT = 3 mm can be seen. The skeleton consists of 
fractions from 27 mm to 3 mm. All other fine frac-
tions belong to the fill (1.5-0.2 mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CDF-O. : Cumulative Distribution Function Original Soil~PSD 
SFT-O. : Sequential Fill Test-Original Soil (Relative Height) 
dT   : Separation Point 
 
Figure 4. Results of SFT for original PSD 
4.2 Variation of Fine Particles 
For the simulation of the change in structure the 
amount of fine particles was linear increased gradu-
ally. For the variation of the PSD see Figure 5. 
According to section 2 and 3.1 a low number of 
the particles of the fraction of the separation diame-
ter is mobile. This can be illustrated using a model 
of spheres. Based on the model of the densest sphere 
packing (possible combinations of 4 spheres) it can 
be shown that, for some combinations a stable sys-
tem doesn’t exist (e.g. diameters: 27, 27 ,12 and 3). 
In that special case the diameter is a mobile particle. 
From the calculation of the constriction size distribu-
tion (Silveira, 1965) there are also combinations 
known, which constriction sizes are bigger than the 
separation diameter (e.g. diameters: 27, 22, 16 - 
dCSD=3.22). Therefore, the mobile particle can be 
transported through the pore paths and so the frac-
tion of the separation diameter has to be included in 
the variation of the fine fractions. 
For an exact determination of the change in the 
structure, each mobile fraction must be varied sepa-
rately. In this study the variation of a separate frac-
tion was not carried out, to keep the experiment 
clear. Figure 5 shows the variation of the fine frac-
tions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
dT   : Separation Point 
 
Figure 5. Variation of the original PSD 
5 RESULTS 
The test was performed with a constant mass 
(6.0 kg) for all investigated PSDs. Thus, the volume 
of the PSDs and the related porosity can be deter-
mined directly from the test. The porosity is meas-
ured by the necessary volume of water, which is 
needed to fill the pore space completely. 
From Figure 6 it can be seen, that the porosity de-
creases in a range of 0.0% to 35.0%-mass of fine 
fraction. The fine particles are embedded into the 
pore space and reduce the pore volume. This range 
(0.0%≤ fine fractions <35.0%) represents a domi-
nant coarse matrix and is internal unstable. 
At an amount of 35.0% fine fraction, a minimal 
porosity is measured. At that point the pore space is 
completely filled with fine particles and the mobile 
fractions transformed to skeleton-forming particles. 
This transition is defined as a dual matrix and stable 
against internal erosion. 
If the amount of fine fractions is exceeded 35.0%, 
the coarse skeleton is replaced by a fine skeleton. 
The low number of the large pores of the coarse 
skeleton changed into a high number of small pores 
of the fine skeleton. The porosity increases and an 
internal stable dominant fine matrix establishes. 
6 VALIDATION WITH GEOMETRICAL 
CRITERIA 
The validation of the experimental results of the 
method of identification (section 3 and 5) was ana-
lysed comparatively with different criteria  against  
internal  erosion  (e.g.  Kenny & Lau,  1986; Buren-
kova, 1993; Wan & Fell, 2008; Witt, 2013). The 
analyses was carried out using the method of Wan & 
Fell (2008) and Witt (2013). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Results-Variation of the original PSD 
 
The method of Witt (2013) is further develop-
ment of Kenny & Lau’s method. The slope is calcu-
lated here for a constant distance between two parti-
cle diameters (d → 4d). The slope is called as self-
filtration index (ISF) and characterizes the retention 
capacity of the soil skeleton towards mobile fines 
fractions. This method is based on theoretical analy-
sis and experimental investigations. The analysis 
was based on a ISF ≤ 9. This admits material 
transport, but prevents a global material discharge. 
The method of Wan & Fell (2008) is based on 
experimental investigation. There stability criterion 
depended on the slope of the coarse fractions 
(d90/d60) and the fine fractions (d20/d5). From this cri-
terion, different zones of the PSD are derived, from 
which the internal erosion can be assessed. They 
added a transition zone to the unstable and stable 
zone. The subdivision is based on a experimentally 
determined likelihood of internal instability. Be-
tween the zones are sharp boundaries. 
 
Table 1. Comparison of the Test Results with geometric criteria ___________________________________________________ 
 FF  Wan & Fell   Witt    Test Results 
     (2008)  (2013) ___________________________________________________ 
  0.0   stable   stable   coarse matrix 
 10.0   unstable  unstable  dom. coarse matrix 
 18.5   unstable  unstable  dom. coarse matrix 
 25.0   un-/stable1) unstable  dom. coarse matrix 
 30.0   un-/stable2) unstable  dom. coarse matrix 
 35.0   stable   stable   dual matrix 
 40.0   stable   stable   dom. fine matrix 
 50.0   stable   stable   dom. fine matrix 
 60.0   stable   stable   dom. fine matrix ___________________________________________________ 
1) transition zone 
2) closed to the boundary, stable zone/transition zone (22.9>22) 
 
The comparison of the experimental results with 
the analytically calculated stability against internal 
erosion shows a good correlation (see Table 1). The 
analytical results differ only at the transition from 
dominant coarse matrix to dual matrix. The experi-
mental determined transition at 35.0%-mass fine 
fractions could be reproduced with the method from 
Witt (2013). With the method from Wan & Fell 
(2008) the transition has been predicted at 25.0-
30.0% fine fractions. However, the results for an 
amount of fine fractions of 25.0-30.0% are located 
in the transition zone or closed to the boundary con-
dition between stable and transition zone. Despite 
these small differences, the experimental results of 
the proposed identification method could be approx-
imately reproduced by the analytical methods (Witt, 
Wan & Fell), which are also based on experimental 
studies. 
7 CONCLUSION 
To assess the internal stability of a soil, the most im-
portant aspect is the estimation of its structure. The 
soil structure can be hypothetically assumed as a 
bimodal structure, consisting of fixed soil skeleton 
and fill (Witt 2013). The main objective of this study 
is to identify the soil structure of a PSD, investigate 
the percentage of fine fractions in a packing and its 
influence on the soil structure. Therefore, a experi-
mental method for determination of dominant soil 
matrix is proposed. The behaviour of the structure 
by addition of fine fractions is investigated to get an 
internally stable soil structure. 
In this study it is shown, if the amount of the fill 
fraction is increased the pore spaces can be totally 
filled with them, so that a shift between different 
matrixes occur. Here of particular interest is the 
transition between the dominant coarse matrix and 
the dominant fine matrix, which is called dual ma-
trix. The dual matrix characterises the transition of 
the mobile particles to skeleton-forming particles 
(here 35.0% amount of fine fractions, see Fig. 6), 
which are firmly integrated in the soil skeleton and 
can transmit stresses. The results also agree with an-
alytical calculations (Witt, 2013; Wan & Fell, 2008). 
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